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Abstract
We investigate properties of holographic strange metals in p + 2-dimensions,
generalizing the analysis performed in arXiv:0912.1061. The bulk spacetime is p +
2-dimensional Lifshitz black hole, while the role of charge carriers is played by
probe D-branes. We mainly focus on massless charge carriers, where most of the
results can be obtained analytically. We obtain exact results for the free energy
and calculate the entropy density, the heat capacity as well as the speed of sound
at low temperature. We obtain the DC conductivity and DC Hall conductivity
and find that the DC conductivity takes a universal form in the large density limit,
while the Hall conductivity is also universal in all dimensions. We also study the
resistivity in different limits and clarify the condition for the linear dependence on
the temperature, which is a key feature of strange metals. We show that our results
for the DC conductivity are consistent with those obtained via Kubo formula and
we obtain the charge diffusion constant analytically. The corresponding properties
of massive charge carriers are also discussed in brief.
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1 Introduction
One of the most interesting subjects in condensed matter physics is to understand the
properties of strongly interacting systems of fermions, in particular, to understand the
thermodynamic and transport properties of the “strange metal” phases of heavy fermion
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compounds [1] and high temperature superconductors [2, 3]. The “strange metal” phases
possess various interesting “non-Fermi liquid” features. For example, the DC resistivity
is linear in temperature T when T is much less than the chemical potential µ [4]. On the
other hand, the AC conductivity exhibits a non-trivial scaling behavior σ(ω) ∼ ω−ν with
ν 6= 1 [5]. Furthermore, the Hall conductivity also becomes anomalous [6]. It is widely
believed that to gain a better understanding of such properties requires us to go beyond
the regime of weak coupling.
Recently, inspired by the AdS/CFT correspondence [7, 8], investigations on the appli-
cations of AdS/CFT to condensed matter physics (also named as the AdS/CMT corre-
spondence) have been accelerated enormously [9]. Since the AdS/CFT correspondence
provides us with useful tools for understanding the dynamics of strongly coupled field
theories in the dual weakly coupled gravity side, it may open a new window for studying
real-world physics in the context of holography. Thus one can expect that the peculiar
properties of “strange metals” can be well understood via the AdS/CFT correspondence.
One class of such holographic models of strange metals were proposed in [10, 11, 12, 13, 14].
In such models the dual bulk spacetime was described by an extremal RN-AdS4 black hole,
whose near horizon geometry contains an AdS2 part. It was shown that the low energy
behavior of these non-Fermi liquids was controlled by the near horizon IR fixed point.
Examples whose single-particle spectral function and transport behavior resembling those
of strange metals were found within this class of models.
Recently a complementary approach was proposed in [15], where they considered a bulk
gravitational background which was dual to a neutral Lifshitz-invariant quantum critical
theory, while the gapped probe charge carriers were described by D-branes. The non-
Fermi liquid scalings, such as linear resistivity, observed in strange metal regimes can be
realized by choosing the dynamical critical exponent z appropriately. They also outlined
three distinct string theory realizations of Lifshitz geometries. Similar investigations on
charged dilaton black holes were carried out in [16, 17], where strange metallic behavior
was found by properly fixing the parameters of the bulk gravity theory.
In this paper we will study properties of holographic strange metals by employing the
approach proposed in [15]. The bulk theory is chosen to be a p + 2-dimensional asymp-
totically Lifshitz black hole, while the charge carriers are still represented by probe Dq-
branes. For a practical application in condensed matter physics, the value of p is fixed.
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For example, one should set p = 2 to study the (2 + 1)-dimensional layered systems.
However, our physical spacetime may be higher dimensional with extra dimensions, and
more spacetime dimensions might be holographically generated when extra adjoint fields
are involved. Therefore, it is of interest to consider generalizations to various dimensions
and try to find the universal behavior.
We shall consider both massless and massive charge carriers. In the language of D-brane
physics, the massive case is related to a non-trivial embedding profile of the probe D-brane
into bulk spacetime. We mainly focus on the calculations of massless charge carriers and
we will give some remarks on the massive case. We find that for massless charge carriers,
the chemical potential µ and the free energy Ω can be obtained analytically. Therefore
one can work out other thermodynamic quantities by standard procedures. It turns out
that at low temperature, the specific heat behaves like cv ∝ T 2p/z/d, where z is the
dynamical component and d is related to the charge density. It can resemble a gas of
free bosons, fermions or new types of holographic quantum liquids by fixing the values
of z and p. The speed of sound at low temperature is given by z/p. We calculate the
DC conductivity and DC Hall conductivity by introducing corresponding U(1) gauge
fields on the worldvolume of the probe D-branes. In the large charge density limit, the
expression for the DC conductivity is the same as the four-dimensional counterpart, while
it becomes p-dependent in the vanishing charge density limit. On the contrary, the DC
Hall conductivity exhibits universal behavior in general p + 2-dimensions. Therefore the
linear dependence of temperature T for the resistivity, which is a common feature of
strange metals, can be realized by adjusting parameters in the theory. We re-obtain the
DC conductivity by using the result derived from Kubo formula, which proves consistency
of the two approaches. We also obtain analytic results for the charge diffusion constant
of massless charge carriers by using a generalized version of the formula derived from the
membrane paradigm. The properties of massive charge carriers are also discussed in brief.
The rest of the paper is organized as follows. The general setup will be illustrated in
section 2 and the thermodynamics of massless charge carriers will be discussed in section
3. In section 4 we will calculate the DC conductivity and Hall conductivity in general
p + 2-dimensions and discuss various limits of the resistivity . We will re-obtain the DC
conductivity by Kubo formula and the charge diffusion constant in section 5. Remarks
on massive charge carriers are given in section 6. Finally, summary and discussion are
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presented in section 7.
2 The Setup
Consider the following ten-dimensional bulk spacetime,
ds2 = L2[−r2zf(r)dt2 + dr
2
r2f(r)
+ r2d~x2p] + L
2dΩ28−p, (2.1)
where the metric of S8−p is given by
dΩ28−p = dθ
2 + cos2 θdΩ2n + sin
2 θdΩ27−p−n. (2.2)
The non-spherical part of this metric is a p+2-dimensional asymptotically Lifshitz black
hole with p ≥ 2, whose temperature is given by
T =
rz+1+
4π
∣∣f ′(r+)∣∣ ≡ λrz+
4πz
, (2.3)
where r+ denotes the radial position of the horizon. The parameter λ is determined by
the explicit form of the function f(r).
When f(r) = 1, this part of the metric possesses the following anisotropic scaling sym-
metry,
t → λzt, ~x → λ~x, r → r
λ
. (2.4)
Such backgrounds can be considered as the gravity duals of Lifshitz fixed points, which was
initially constructed in [18]. Asymptotically Lifshitz black hole solutions were investigated
in [19] and [20]. The relations between Lifshitz black holes and heavy fermion metals were
discussed in [21]. It should be emphasized that some of the analytic solutions involve a
non-trivial dilaton even at zero temperature, which breaks the scaling symmetry of Lifshitz
spacetime. Lifshitz spacetimes in string theory with unconventional scaling symmetry
were extensively studied in [22]. Since three distinct approaches for realizing Lifshitz
geometries in string theory were proposed in [15], we may make the above mentioned
ansatz in ten-dimensional spacetime and consider D-brane probes in such backgrounds.
We assume that the probe Dq-brane extends all the spacial directions and wraps the Sn
part inside S8−p, which leads to q = p+n+1. The dynamics of the Dq-brane is described
by the following DBI action (neglecting the Wess-Zumino term)
SDBI = −Tq
∫
dtdrdpxdΩne
−φ√−det(gab + 2πα′Fab), (2.5)
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where Tq denotes the tension of the Dq-brane, Tq = 1/((2π)
pgsℓ
p+1
s ). gab and Fab are the
induced metric and the U(1) gauge field strength on the worldvolume of the Dq-brane.
The scaling symmetry of Lifshitz geometry requires that the dilaton should be constant,
φ = φ0, thus we can arrive at the effective action
Sq = −τeff
∫
dtdrdpx
√
−det(gab + 2πα′Fab), (2.6)
where τeff is given by
τeff = TqL
nVol(Sn)e−φ0 .
However, as pointed out in [15], incorporating a non-trivial dilaton might be helpful to
realistic model-building. So here we will also discuss the situation with non-trivial dilaton,
whose effective action turns out to be
S˜q = −τ˜eff
∫
dtdrdpxe−φ
√
−det(gab + 2πα′Fab), (2.7)
where
τ˜eff = TqL
nVol(Sn).
In the following sections we will mainly focus on the details for massless charge carriers,
both with trivial and non-trivial dilaton. Remarks on the corresponding properties for
massive charge carriers will be given in section 6. For simplicity, we will set L = 1 in the
following and restore the factor of L in the final results for the physical quantities, such
as the conductivity, by dimensional analysis.
3 Thermodynamics of massless charge carriers
We discuss the thermodynamics of massless charge carriers at finite charge density in this
section. As claimed in [23], once a non-vanishing worldvolume gauge field strength F0r is
turned on, only black hole embeddings are physically allowed. That is, the internal Sn
of the probe Dq-brane never collapse to zero volume and the Dq-brane extends to, and
intersects the horizon. However, in [24, 25] it was argued that Minkowski embeddings
were physical and should be considered, due to the fact that the black hole configurations
cannot realize chemical potential below a critical value. Later, this problem was resolved
in [26] by including Minkowski branes with a constant A0.
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In this section we will divide both sides of (2.6) and (2.7) by the volume of R1,p, working
with action densities. We also turn on the time component of the worldvolume gauge
field A0 and absorb the factor of 2πα
′ into A0 for simplicity. Then the DBI action can be
expressed as
Sq = −τeff
∫
drrp
√
r2z−2 −A′20 . (3.1)
By defining the charge density
ρ =
δL
δA′0
=
τeffr
pA′0√
r2z−2 − A′20
, (3.2)
the solution for A′0 is given by
A′0 =
drz−1√
r2p + d2
, (3.3)
where d = ρ/τeff .
In the grand-canonical ensemble, the free energy density Ω is given by minus the on-shell
value of the action. After plugging in the solution for A′0 we obtain
Ω = τeff
∫ ∞
r+
rz−1+2p√
r2p + d2
dr. (3.4)
The divergence can be regulated by background subtraction or local counterterms. The
chemical potential µ in the grand-canonical ensemble is determined by A0(∞). Notice
that A0(r+) = 0, so the chemical potential is given by
µ =
∫ ∞
r+
A′0dr. (3.5)
It can be seen that our expressions above reduce to those derived in [27] when z = 1.
It was observed in [26] that such integrals can be worked out in terms of Beta functions
and incomplete Beta functions, whose definitions are given as follows
B(a, b) =
Γ(a)Γ(b)
Γ(a+ b)
=
∫ 1
0
dt(1− t)b−1ta−1 =
∫ ∞
0
du(1 + u)−(a+b)ua−1, (3.6)
B(x; a, b) =
∫ x
0
(1− t)b−1ta−1 =
∫ x/(1−x)
0
du(1 + u)−(a+b)ua−1. (3.7)
Therefore one can arrive at the analytic expressions for the free energy and the chemical
potential
µ = µ0 − r
z
+
z
2F1[
z
2p
,
1
2
; 1 +
z
2p
;−r
2p
+
d2
], (3.8)
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Ω = Ω0 − τeffr
2p+z
+
(2p+ z)d
2F1[1 +
z
2p
,
1
2
; 2 +
z
2p
;−r
2p
+
d2
] + Ωct, (3.9)
where the following formulae have been used
B(x; a, b) = a−1xa2F1[a, 1− b; a + 1; x], (3.10)
2F1[a, b; c; x] = (1− x)−a2F1[a, c− b; c; x
x− 1]. (3.11)
The parameters µ0 and Ω0 in (3.8) and (3.9) are zero-temperature values, given by
µ0 = d
z/pα(p), α(p) =
1
2z
B(1 +
z
2p
,
1
2
− z
2p
), (3.12)
Ω0 = − zτeff
(z + p)α(p)p/z
µ
1+p/z
0 . (3.13)
One can check that these results are in agreement with those obtained in [28] when z = 1.
Next we calculate the thermodynamic quantities in the grand-canonical ensemble. It
should be pointed out that the term Ωct in (3.9) stands for the contribution from the
counterterms in the spirit of holographic renormalization. As was observed in [28], Ωct is
independent of the density. Since we do not have a well-established holographic renor-
malization scheme for probe D-branes in Lifshitz backgrounds, we assume that here the
contribution from the counterterms is still independent of the density. We shall focus on
the density-dependent part of the free energy ∆Ω ≡ Ω−Ωct. Notice that at low temper-
ature, both (3.8) and (3.9) can be expanded as series in T/µ0 ≪ 1. The charge density is
ρ = −∂∆Ω
∂µ
= τeffd, (3.14)
which provides a consistency check. One then computes the entropy density s(µ, T ) in
the grand-canonical ensemble
s(µ, T ) = −(∂∆Ω
∂T
)
µ
=
4πρ
λ
+
τeff
2zd
(
4πz
λ
)1+2p/zT 2p/z, (3.15)
where the first term gives the entropy density at zero temperature. Finally, the specific
heat at low temperature is given by
cV = T
( ∂s
∂T
)
ρ
=
τeffp
z2d
(
4πz
λ
)1+2p/zT 2p/z. (3.16)
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One can find agreement with the results obtained in [28] once again in the z = 1 case.
One may compare the specific heat cV in (3.16) to that of a gas of free bosons or fermions.
As is well known, the low-temperature specific heat for a gas of free bosons is proportional
to T p, while the low-temperature specific heat for a gas fermions is proportional to T for
any p. Therefore our result indicates that when z = 2, the behavior of the specific heat
looks like a gas of free bosons. On the other hand, it resembles a gas of fermions when
z = 2p. Finally, it may be regarded as a new type of quantum liquid in other cases.
Another interesting quantity is the speed of sound at low temperature. In this limit the
pressure is given by
P = −Ω0 = zτeff
(z + p)α(p)p/z
µ
1+p/z
0 . (3.17)
The energy density is
ǫ = Ω0 + µ0ρ =
pτeff
(z + p)α(p)p/z
µ
1+p/z
0 . (3.18)
One can easily find that ǫ = (p/z)P . Thus the speed of sound is determined by
c2s =
dP
dǫ
=
z
p
. (3.19)
Note that an upper bound on the speed of sound was proposed in [29, 30], which gives
c2s ≤ 1/3 in five-dimensional bulk spacetime. Then such a bound might be violated in
five dimensions, i.e. p = 3, when z > 1. However, it is believed that such a bound always
holds at high temperature. Therefore the violation of this bound with z > 1 may not be
seen as a contradiction.
When a non-trivial dilaton field, which behaves as e−φ ∝ rκ, is incorporated, the charge
density, chemical potential and on-shell action turn out to be
ρ˜ =
δL
δA′0
∼ τ˜effr
p+κA′0√
r2z−2 −A′20
, (3.20)
µ˜ =
∫ ∞
r+
A′0dr ∼
∫ ∞
r+
d˜rz−1√
r2(p+κ) + d˜2
dr, (3.21)
Ω˜ ∼ τ˜eff
∫ ∞
r+
rz−1+2(p+κ)√
r2(p+κ) + d˜2
dr, (3.22)
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where τ˜eff = TqL
nVol(Sn) and d˜ = ρ˜/τ˜eff . It can be seen that all the thermodynamic
quantities in the presence of a non-trivial dilaton can be obtained by simply replacing p
by p+ κ in the expressions for those with a constant dilaton.
In particular, the specific heat becomes
c˜V ∼ T 2(p+κ)/z. (3.23)
Therefore the specific heat scales as a gas of free bosons when z = 2(p + κ)/p and as a
gas of fermions when z = 2(p+ κ). It may be regarded as a new type of quantum liquid
for other cases. The speed of sound is given by
c˜2s =
z
p + κ
. (3.24)
Thus the upper bound proposed in [29, 30] can be saturated by setting z = (p + κ)/3 in
five dimensions.
4 Conductivity and resistivity
We calculate the DC conductivity, DC Hall conductivity and resistivity in this section,
following the method proposed in [31] and [32]. We find that in the large charge density
limit, the DC conductivity exhibits certain universal behavior, independent of the space-
time dimension. On the other hand, the DC Hall conductivity always takes the same form
as the four-dimensional counterpart. Finally, we obtain the resistivity in different limits
and figure out the requirements of linear dependence on the temperature T .
4.1 DC conductivity
Generally speaking, there are two different ways for calculating DC conductivity in flavor
brane systems. One is the traditional way, that is, to obtain the conductivity via Kubo
formula. The other elegant way, which was proposed in [31], is more efficient for flavor
brane systems. The main strategy is to turn on an electric field E ≡ Ftx on the D-
brane probe and compute the corresponding current Jx in the boundary theory. Then
the conductivity can be read off from Ohm’s law Jx = σE.
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We will calculate the DC conductivity by applying the second method in this section and
present discussions on the first method in the next section. To make comparison with [15],
we take the following coordinate transformation before performing the calculations
v =
1
r
, v+ =
1
r+
. (4.1)
Then the metric of the (p+ 2)-dimensional Lifshitz black hole becomes(setting L = 1)
ds2 = −f(v)
v2z
dt2 +
dv2
v2f(v)
+
1
v2
d~x2p (4.2)
and the temperature is given by
T =
λ
4πzvz+
. (4.3)
After taking the ansatz for the worldvolume gauge field
A = A0(v)dt+ (−Et + h(v))dx, (4.4)
the effective action (2.6) becomes
Sq = −τeff
∫
dtdvdpxg
p−1
2
xx
√
−gttgvvgxx − (2πα′)2(gvvE2 + gxxA′20 + gtth′2). (4.5)
Note that the action contains only A′0 and h
′(v), which leads to two conserved quantities
C = − g
p+1
2
xx A′0√
−gttgvvgxx − (2πα′)2(gvvE2 + gxxA′20 + gtth′2)
, (4.6)
H = − g
p−1
2
xx gtth
′√
−gttgvvgxx − (2πα′)2(gvvE2 + gxxA′20 + gtth′2)
. (4.7)
It can be observed that
gtth
′C = gxxA′0H. (4.8)
By combining (4.6), (4.7) and (4.8), we can arrive at the following expression for A′0
A′20 = −
C2gttgvv
gxx
gttgxx + (2πα
′2E2)
gttg
p
xx + (2πα′)2(C2gtt +H2gxx)
, (4.9)
which results in the asymptotic behavior for A0 near the boundary v → 0
A0 = µ− C
z − p
1
vz−p
+ · · · , for z 6= p, (4.10)
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or
A0 = µ+ C log
v
Λ
+ · · · , for z = p, (4.11)
where µ denotes the chemical potential and Λ stands for the UV cutoff. In the meantime,
the asymptotic behavior of h(v) is given by
h(v) = h0 +
H
(z + p− 2)v
z+p−2 + · · · , (4.12)
where we can set h0 = 0.
After substituting (4.8) and (4.9) back into (4.5), the effective action becomes
Sq = −τeff
∫
dtdvdpxg
2p−1
2
xx
√−gttgvv
√
gttgxx + (2πα′)2E2
gttg
p
xx + (2πα′)2(C2gtt +H2gxx)
. (4.13)
As pointed out in [31], both the numerator and the denominator of the term inside the
square root of (4.13) change sign between the horizon v = v+ and the boundary v = 0.
Therefore in order to ensure the reality of the on-shell action, the sign change must appear
at the same radial position 0 < v∗ < v+,
gttgxx + (2πα
′)2E2
∣∣
v=v∗
= 0, (4.14)
gttg
p
xx + (2πα
′)2(C2gtt +H2gxx)
∣∣
v=v∗
= 0. (4.15)
From (4.14) we can obtain
f(v∗) = (2πα′)2E2v2z+2∗ . (4.16)
Finally, by substituting (4.16) into (4.15) and making the following identifications for the
currents
J t = (2πα′)2τeffC, Jx = (2πα′)2τeffH, (4.17)
we can read off the conductivity
σ =
√
(2πα′)4τ 2eff(
L
v∗
)2p−4 + (
2πα′
L2
)2(J t)2v4∗ (4.18)
from Ohm’s law, where we have restored the factor of L by dimensional analysis. Notice
that the right hand side of (4.18) is still written as the mean square root of two terms,
which is similar to the result for general Dp/Dq systems in [31]. The first term may
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be interpreted as contribution from thermally produced pairs of charge carriers, which
is expected to be Boltzmann suppressed when the mass of the charge carriers becomes
large. The second term is independent of the spacetime dimension. Furthermore, (4.18)
reduces to the four-dimensional result obtained in [15] when p = 2.
When a non-trivial dilaton is introduced, the effective action becomes
S˜q = −τ˜eff
∫
dtdvdpxe−φg
p−1
2
xx
√
−gttgvvgxx − (2πα′)2(gvvE2 + gxxA′20 + gtth′2). (4.19)
The corresponding two conserved quantities are given by
C˜ = − e
−φg
p+1
2
xx A′0√
−gttgvvgxx − (2πα′)2(gvvE2 + gxxA′20 + gtth′2)
, (4.20)
H˜ = − e
−φg
p−1
2
xx gtth
′√
−gttgvvgxx − (2πα′)2(gvvE2 + gxxA′20 + gtth′2)
. (4.21)
Now the on-shell action turns out to be
S˜q = −τ˜eff
∫
dtdvdpxe−2φg
2p−1
2
xx
√−gttgvv
√
gttgxx + (2πα′)2E2
e−2φgttg
p
xx + (2πα′)2(C2gtt +H2gxx)
. (4.22)
Finally we can obtain the DC conductivity in a similar way
σ˜ =
√
(2πα′)4e−2φ∗ τ˜ 2eff(
L
v∗
)2p−4 + (
2πα′
L2
)2(J t)2v4∗, (4.23)
which reduces to (4.18) in the limit of φ = φ0.
4.2 DC Hall conductivity
One can also calculate the DC Hall conductivity by applying the techniques of [31]. For
general Dp/Dq systems such analysis was carried out in [32] and the Hall conductivity in
four-dimensional Lifshitz background was obtained in [15]. Here we extend the analysis
to general p+2-dimensional spacetime and we will see that the Hall conductivity exhibits
universal behavior.
Once we introduce a constant magnetic field on the worldvolume of the probe D-brane,
the ansatz for the U(1) gauge field becomes
A0 = A0(v), Ax(v, t) = −Et + fx(v), Ay(v, x) = Bx+ fy(v). (4.24)
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Then the effective action turns out to be
Sq = −τeff
∫
dtdvdpx
√
−det(gab + 2πα′Fab)
≡ −τeff
∫
dtdvdpxg
p−2
2
xx
√
GF, (4.25)
where
GF = −gttgvvg2xx − (2πα′)2g2xxA′20 − (2πα′)2gvvgxxE2
−(2πα′)2gttgvvB2 − (2πα′)2gttgxx(f ′2x + f ′2y )
−(2πα′)4A′20 B2 − (2πα′)4f ′2y E2 + 2(2πα′)4A′0f ′yEB. (4.26)
Since the action depends on the derivatives A′0, f
′
x and f
′
y, we can obtain the following
conserved quantities
[−g2xxA′0 − (2πα′)2B2A′0 + (2πα′)2EBf ′y](
√
GF )−1g
p−2
2
xx = C, (4.27)
−gttgxxf ′x(
√
GF )−1g
p−2
2
xx = H, (4.28)
[−gttgxxf ′y − (2πα′)2E2f ′y + (2πα′)2EBA′0](
√
GF )−1g
p−2
2
xx =M. (4.29)
After solving for A′0, f
′
x and f
′
y from the above equations and plugging the solutions back
into the effective action, we obtain
Sq = τeff
∫
dvgp−1xx
√−gttgvv ξ√
ξη − a2 , (4.30)
where
ξ = −[(2πα′)2E2gxx + (2πα′)2B2gtt + gttg2xx], (4.31)
η = −gttgpxx − (2πα′)2[gttC2 + gxx(H2 +M2)], (4.32)
a = (2πα′)2(MEgxx − BCgtt). (4.33)
As pointed out in [32], to ensure the reality of the effective action, ξ, η and a must share
the same zero v∗. From (4.31) we obtain
f(v∗) =
(2πα′)2E2v2z+2∗
1 + (2πα′)2B2v4∗
. (4.34)
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Then we can substitute (4.34) into (4.32) and (4.33) to solve for H and M , and make the
following identifications for the currents
J t = (2πα′)2τeffC, Jx = (2πα′)2τeffH, Jy = (2πα′)2τeffM. (4.35)
Finally, the conductivity tensor J i = σijEj are given by
σxx =
1
1 + (2piα
′
L2
)2B2v4∗
√
(2πα′)4τ 2eff(
L
v∗
)2p−4(1 + (
2πα′
L2
)2B2v4∗) + (
2πα′
L2
)2(J t)2v4∗, (4.36)
σxy =
BJ tv4∗
( L
2
2piα′
)2 +B2v4∗
. (4.37)
Here are several remarks on the conductivity tensor
• σxx reduces to the expression obtained in previous section when B = 0.
• σxy does not depend on the dimension of spacetime, which is the same as that for
general Dp/Dq systems analyzed in [32].
• One interesting quantity for strange metals is the ratio σxx/σxy. It has been known
that the ratio scales as σxx/σxy ∼ T 2 for strange metals, while σxx/σxy ∼ 1/σxx in
Drude theory. It can be easily seen that
σxx
σxy
= (
L2
2πα′
)2
1
J tBv4∗
√
(2πα′)4τ 2eff(
L
v∗
)2p−4(1 + (
2πα′
L2
)2B2v4∗) + (
2πα′
L2
)2(J t)2v4∗.
(4.38)
When the second term in the square root dominates and B is small, which is rel-
evant to experimental limit, the ratio becomes σxx/σxy ∼ v−2∗ ∼ 1/σxx. Thus the
result obtained from the probe calculation mimics the Drude theory in arbitrary
dimensions.
When a non-trivial dilaton is introduced, the effective action becomes
S˜q = −τ˜eff
∫
dtdvdpxe−φ
√
−det(gab + 2πα′Fab). (4.39)
The ansatz for the worldvolume gauge fields is still given by (4.24). Therefore the effective
action turns out to be
S˜q = −τ˜eff
∫
dtdvdpxe−φg
p−2
2
xx
√
GF, (4.40)
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where GF is still written in the form of (4.26). The corresponding conserved quantities
are given by
[−g2xxA′0 − (2πα′)2B2A′0 + (2πα′)2EBf ′y](
√
GF )−1e−φg
p−2
2
xx = C˜, (4.41)
−gttgxxf ′x(
√
GF )−1e−φg
p−2
2
xx = H˜, (4.42)
[−gttgxxf ′y − (2πα′)2E2f ′y + (2πα′)2EBA′0](
√
GF )−1e−φg
p−2
2
xx = M˜. (4.43)
The on-shell effective action can be written in the following form
S˜q = τ˜eff
∫
dve−2φgp−1xx
√−gttgvv ξ√
ξη˜ − a2 , (4.44)
where ξ and a are still given by (4.31) and (4.33) with C,H and M replaced by C˜, H˜ and
M˜ , while η˜ is slightly different from η,
η˜ = −gttgpxxe−2φ − (2πα′)2[gttC˜ + gxx(H˜ + M˜)]. (4.45)
Finally the conductivity tensor is given by
σ˜xx =
1
1 + (2piα
′
L2
)2B2v4∗
√
(2πα′)4e−2φ∗ τ˜ 2eff(
L
v∗
)2p−4(1 + (
2πα′
L2
)2B2v4∗) + (
2πα′
L2
)2(J t)2v4∗,
(4.46)
σxy =
BJ tv4∗
( L
2
2piα′
)2 +B2v4∗
. (4.47)
It can be easily seen that σ˜xx reduces to σxx when φ = φ0 and σ
xy remains invariant.
4.3 Resistivity in different limits
Once we have obtained the conductivity, we may investigate the behavior of the resistivity
to see if it exhibits strange metallic behavior, that is, the resistivity has a linear dependence
on the temperature T . Since the conductivity contains two terms inside the square root,
it is more transparent to study the resistivity in two different limits.
Recall that the conductivity is given by
σ =
√
(2πα′)4τ 2eff(
L
v∗
)2p−4 + (
2πα′
L2
)2(J t)2v4∗.
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One limit which is experimentally interesting is large J t, then the first term is subdominant
and the conductivity turns out to be
σ =
2πα′
L2
J tv2∗. (4.48)
Then by combining the fact that T ∝ 1/vz+ we can obtain
ρ =
1
σ
∼ T
2/z
J t
. (4.49)
It seems that the resistivity exhibit a universal behavior in the limit of large charge
density, that is, it is proportional to T 2/z and is independent of the spacetime dimension.
Therefore the conductivity is of the strange metal type in all dimensions for z = 2.
The other opposite limit is the zero density limit, which means that the first term in the
square root dominates. Then the conductivity is given by
σ = (2πα′)τeff(
L
v∗
)p−2. (4.50)
When p = 2, the conductivity becomes constant, which agrees with the conclusion in [33].
For the p > 2 cases, the resistivity becomes
ρ ∼ T−(p−2)/z, (4.51)
where we have used the fact that T ∼ 1/vz+. One can see that for p > 2, the linear
dependence on the temperature cannot be realized for z > 0.
When a non-trivial dilaton is incorporated, the conductivity reads
σ˜ =
√
(2πα′)4e−2φ∗ τ˜ 2eff(
L
v∗
)2p−4 + (
2πα′
L2
)2(J t)2v4∗.
One can easily observe that the resistivity is still given by (4.49) in the large charge density
limit, that is, the resistivity has a linear dependence on T with z = 2 in all dimensions.
When the first term dominates, we can assume that e−φ ∝ 1/vκ, then
ρ ∼ T−κ+p−2z . (4.52)
Therefore the linear dependence on the temperature can be realized by requiring z =
−(κ + p − 2). In particular, in four-dimensional spacetime with p = 2, we can arrive at
the linear dependence as long as z = −κ.
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5 DC conductivity revisited and charge diffusion con-
stant
We obtained the DC conductivity in the previous section by introducing an electric field
E on the worldvolume of the probe D-branes and making use of Ohm’s law J = σE.
In some sense this approach can be seen as “macroscopic”, while the corresponding “mi-
croscopic” approach is to calculate the conductivity via Kubo formula. A systematic
analysis for calculating the holographic spectral functions for Dp/Dq systems at finite
chemical potential and spatial momentum was carried out in [34], where it was found
that the conductivity obtained via Kubo formula was in agreement with that obtained
in the “macroscopic” approach in the vanishing electric field limit. This can be seen
as a non-trivial check of consistency. Holographic spectral functions with non-vanishing
electric field strength was investigated in [35], where precise agreement was found once
again. Furthermore, conductivity and diffusion constant for Dp/Dq systems were studied
in [36], generalizing the formulae derived via the membrane paradigm [37]. In this section
we will revisit the conductivity following [34] and we will find that the result agrees with
that obtained in previous section. The charge diffusion constant in such asymptotically
Lifshitz backgrounds will also be discussed.
5.1 Calculating DC conductivity via Kubo formula
Consider the following fluctuations of the worldvolume gauge field
Aa → δa0A0(r) + ǫe−i(ωx0−qx1)Aa(r), (5.1)
the DBI Lagrangian can be expanded in powers of ǫ,
LDBI = L0 + ǫL1 + ǫ2L2 + · · · . (5.2)
Notice that L1 vanishes identically upon imposing the equations of motion for the back-
ground fields. We shall not present the detailed analysis for the fluctuations but just
exhibit the equations of motion,
A′′⊥ + ∂r log[
√−γγrrγii]A′⊥ −
ω2γ00 + q2γii
γrr
A⊥ = 0, (5.3)
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A′′0 + ∂r log[
√−γγrrγ00]A′0 − q
γii
γrr
(qA0 + ωA1) = 0, (5.4)
A′′1 + ∂r log[
√−γγrrγii]A′1 − ω
γ00
γrr
(qA0 + ωA1) = 0, (5.5)
as well as the constraint from the gauge choice Ar = 0
−ωγ00A′0 + qγiiA′1 = 0, (5.6)
for details see Appendix A of [34]. Here we adopt the notations of [34],
Fab = ∂aAb − ∂bAa ≡ F (0)ab + ǫF (1)ab , (5.7)
γab = gab + F
(0)
ab , γ
ab = (γab)
−1. (5.8)
Notice that the equation of the transverse fluctuations A⊥ is decoupled from others.
Another point is that (5.4), (5.5) and (5.6) are not linearly independent, as one can
derive (5.5) by combining (5.4) and (5.6).
One may expect that we can perform the hydrodynamic expansions for Aa and try to solve
the corresponding equations, then the retarded correlation functions can be obtained fol-
lowing the standard procedure [38]. But it is quite difficult to solve the relevant equations
for the longitudinal fluctuations indeed. However, the DC conductivity can be determined
from the retarded correlation function of the transverse modes via Kubo formula
σ = lim
ω→0
Im
1
ω
GR⊥(ω, q = 0). (5.9)
Then it is sufficient to work with q = 0 to find the conductivity, which was done for AdS
case in [39]. Under this condition the equation of motion for A⊥ can be simplified as
A′′⊥ + ∂r log[
√−γγrrγii]A′⊥ −
ω2γ00
γrr
A⊥ = 0, (5.10)
which allows us to find analytic solutions in the hydrodynamic expansions. For general
Dp/Dq systems the final result was given in [34]
σ = N
√
−γγ00γrrγii∣∣
r→rH , (5.11)
where N = (2πα′)2τeff and rH denotes the horizon. Notice that we have absorbed the
constant dilaton into N .
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For our specific model, the components of γab are given by
γ00 = g00 = −f(v)
v2z
, γvv =
1
v2f(v)
, γii = gii =
1
v2
,
γ0v = −2πα′A′0, γ00 =
γvv
γ00γvv + γ20v
, γvv =
γ00
γ00γvv + γ20v
. (5.12)
One can obtain the following result for A′0 by setting E = H = 0 in (4.6),
A′20 = −
C2γ00γvv
γpii + (2πα
′)2C2
. (5.13)
Finally by combining (5.11), (5.12) and (5.13), we can arrive at
σ =
√
(2πα′)4τ 2eff(
L
v+
)2p−4 + (
2πα′
L2
)2(J t)2v4+, (5.14)
where we have used the relation J t = (2πα′)2τeffC. One can compare this result with (4.18).
From (4.14) we can see that in the limit of E → 0, v∗ → v+. Then (5.14) is in agreement
of (4.18), which also provides a non-trivial check of consistency. Furthermore, in the zero
density limit J t → 0, the conductivity is given by
σ = τeff(2πα
′)2
Lp−2
vp−2+
, (5.15)
which agrees with the result obtained in [40].
When a non-trivial dilaton is considered, the conductivity can be written as
σ˜ = N˜ e−φ
√
−γγ00γvvγii∣∣
v→v+ , (5.16)
where N˜ = (2πα′)2τ˜eff . Now the solution for A′0 is given by
A′20 = −
C2γ00γvv
e−2φγpii + (2πα′)2C2
. (5.17)
Then the conductivity reads
σ˜ =
√
e−2φ+(2πα′)4τ˜ 2eff(
L
v+
)2p−4 + (
2πα′
L2
)2(J t)2v4+, (5.18)
which agrees with (4.23) once again in the limit of E → 0. Notice that (5.18) reduces
to (5.14) when the dilaton becomes trivial φ = φ0.
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5.2 Charge diffusion constant
Generally speaking, the charge diffusion constant can be read off from the denominator
of the tt-component of the longitudinal correlator. However, since it is quite difficult
to solve the equations of motion for longitudinal fluctuations, even in the hydrodynamic
expansions, we cannot expect that the charge diffusion constant can be obtained in that
way. An alternative formula for estimating the charge diffusion constant was derived
in [37] from the membrane paradigm. Such a formula was generalized to Dp/Dq systems
in [36] by considering the equation of motion for the gauge invariant perturbations E‖ =
qA0 + ωA1. At zero baryon density the corresponding equation of motion is
E ′′‖ + ∂r log[
e−φ
√−γγiiγrr
ω2 + q2 γ
ii
γ00
]E ′‖ −
ω2γ00 + q2γii
γrr
E‖ = 0. (5.19)
Assuming a dispersion relation of the form ω = −iDq2 + · · · , the natural hydrodynamic
scaling is given by ω → λ2ω, q → λq. Then the near horizon expansion can be written as
E‖(r) = F (r)
−iλ2ω
4piT (E
(0)
‖,reg + λ
2E
(2)
‖,reg + · · · ) = E(0)‖ + λ2E(2)‖ + · · · (5.20)
where F (r) = (r − rH)Freg(r) and the subscript “reg” stands for the regular part of the
corresponding function. The solution at lowest order is given by
E
(0)
‖ = 1− iC0
q2
2πωT
∫ r
rH
dr
e−φ
√−γγ00γrr , C0 = −
1
2
e−φ
√−γγ00γrrF ′∣∣
r→rH . (5.21)
Notice that the retarded correlation function GR‖ ∼ limr→rB E ′‖(r)/E‖(rB) where rB de-
notes the boundary. Then the dispersion relation comes from requiring E‖(rB) = 0.
Finally the charge diffusion constant is determined as
D0 = e
−φ√−γγ00γrrγii∣∣
r+
∫ rB
r+
dr
e−φ
√−γγ00γrr , (5.22)
which reduces to the one in [37] when A0 = 0. The charge diffusion constant for massive
charge carriers at finite baryon density is more complicated [36]. However, for massless
charge carriers at finite density the charge diffusion constant is still given by (5.22).
Let us return to our concrete example. Since the integral in (5.22) involves the dilaton
and we do not give its explicit form, we consider the trivial dilaton case instead. After
substituting (5.12) and (5.13) into (5.22), we can obtain
D0 =
1
(p− z)vz−2+
√
1 + (
2πα′
Lp
)2C2v2p+ 2F1[
p− z
2p
,
3
2
;
3
2
− z
2p
;−(2πα
′
Lp
)2C2v2p+ ]. (5.23)
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It can be seen that the above result reduces to the one obtained in [40] when the charge
density parameter C = 0. Another point is that the charge diffusion constant becomes
divergent when z = p, which was also observed in [40] for zero density case. As a check
of consistency, we can choose one specific example z = 1, p = 3 and (5.23) becomes
D0 =
1
2πT
√
1 + d22F1[
1
3
,
3
2
;
4
3
;−d2], d = 2πα′Cv3+/L6, (5.24)
which agrees with the result for D3/D7 in [41].
One may wonder if the Einstein relation still holds for our system. The charge suscepti-
bility is determined by
χ =
∂nq
∂µ
∣∣
T
, (5.25)
where nq = δSq/δA
′
0 is the charge density and µ denotes the chemical potential. Then
χ = (
∫ rB
rH
dA′0
dnq
dr)−1. (5.26)
It has been observed in [36] that for massless charge carriers the charge susceptibility has
a simple form
χ = N (
∫ rB
rH
1
e−φ
√−γγ00γrr dr)
−1. (5.27)
Therefore by combining (5.22) and (5.27), we can conclude that the Einstein relation
D0 = σ/χ holds for massless charge carriers.
6 Remarks on massive charge carriers
In this section we will give some remarks on the properties of massive charge carriers. In
general, the properties for massive charge carriers exhibit qualitatively similar behavior
as their massless counterparts, so we will just present the main results in brief.
6.1 Thermodynamics
For massive charge carriers the embedding profile of the probe Dq-brane is described by
a non-trivial function θ(r). Then the induced metric on the Dq-brane is given by
ds2Dq = −r2zf(r)dt2 + (
1
r2f(r)
+ θ(r)′2)dr2 + r2d~x2p. (6.1)
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The effective action takes the following form for the trivial dilaton case
Sq = −τeff
∫
drrp cosn θ
√
r2z−2 + r2f(r)θ′2 − A′20 . (6.2)
Similarly the solution for A′0 is
A′0 =
√
r2z−2 + r2f(r)θ′2
1 + r
2p cos2n θ
d˜2
, (6.3)
where d˜ = ρ/τeff and ρ = δLq/δA′0. It has been pointed out in [26] that the equation of
motion for the embedding profile θ(r) is not analytically solvable except in the limit of
zero temperature.
We can study the free energy in canonical ensemble by performing the Legendre trans-
formation to the action
Ω = d˜τeff
∫ ∞
r+
dr
√
r2z−2f(r) + r2f(r)θ′2
√
1 +
r2p cos2n θ
d˜2
. (6.4)
Following [27], to investigate the low temperature behavior of the free energy we may
perform a low-temperature expansion around r+ = 0,
Ω = Ω(r+)
∣∣
r+=0
+ (
∂Ω
∂r+
)
∣∣
r+=0
r+ +O(r2+). (6.5)
After carefully evaluating the behavior of Ω at the horizon and at the boundary, we can
obtain the expansion similar to that in [27]
Ω = Ω0 + ρr+ +O(r2+). (6.6)
One crucial point that is different from [27] is that the free energy contributes to the
entropy even at zero temperature, which is the constant term given in (3.15). Therefore
the specific heat is dominated by the subleading term, which is similar to the cases
discussed in [26]. For the case of a non-trivial dilaton the conclusion is similar.
6.2 Conductivity and drag force
By assuming the same configuration of the worldvolume gauge fields and following the
same steps presented in section 4, we can arrive the following results for the DC conduc-
tivity and the DC Hall conductivity for the case of a trivial dilaton
σ =
√
(2πα′)4τ 2eff cos
2n θ∗(
L
v∗
)2p−4 + (
2πα′
L2
)2(J t)2v4∗, (6.7)
22
σxx =
1
1 + (2piα
′
L2
)2B2v4∗
√
(2πα′)4τ 2eff cos2n θ∗(
L
v∗
)2p−4(1 + (
2πα′
L2
)2B2v4∗) + (
2πα′
L2
)2(J t)2v4∗,
σxy =
BJ tv4∗
( L
2
2piα′
)2 +B2v4∗
. (6.8)
Notice that the quantities ξ and a are still given by (4.31) and (4.33), while the expression
for η receives some modifications
η = −gttgpxx cos2n θ − (2πα′)2[gttC2 + gxx(H2 +M2)]. (6.9)
Here v∗ is still determined by ξ(v∗) = 0. For the case of a non-trivial dilaton,
σ˜ =
√
(2πα′)4e−2φ∗ τ˜ 2eff cos2n θ∗(
L
v∗
)2p−4 + (
2πα′
L2
)2(J t)2v4∗, (6.10)
σ˜xx =
1
1 + (2piα
′
L2
)2B2v4∗
√
(2πα′)4e−2φ∗ τ˜ 2eff cos
2n θ∗(
L
v∗
)2p−4(1 + (
2πα′
L2
)2B2v4∗) + (
2πα′
L2
)2(J t)2v4∗,
σxy =
BJ tv4∗
( L
2
2piα′
)2 +B2v4∗
. (6.11)
In this case ξ and a still remain invariant, while η˜ becomes
η˜ = −gttgpxxe−2φ cos2n θ − (2πα′)2[gttC2 + gxx(H2 +M2)]. (6.12)
It can be seen that the conductivity for massive charge carriers exhibits qualitatively
similar behavior as their massless counterparts, up to a factor of cos2n θ∗ in the first term
inside the square root. Furthermore, the DC Hall conductivity remains invariant for all
cases. Therefore the resistivity in different limits also exhibits similar behavior as the
massless case.
From a “microscopic” point of view, the conductivity is still given by (5.11) for the case
of trivial dilaton or (5.16) for the case of non-trivial dilaton, which gives
σ =
√
(2πα′)4τ 2eff(
L
v+
)2p−4 cos2n θ+ + (
2πα′
L2
)2(J t)2v4+, (6.13)
σ˜ =
√
(2πα′)4e−2φ+ τ˜ 2eff(
L
v+
)2p−4 cos2n θ+ + (
2πα′
L2
)2(J t)2v4+. (6.14)
We can find agreement with the “macroscopic” results in the E → 0 limit once again.
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In the large mass limit, the relations between the conductivity and/or Hall conductivity
and the drag force were clarified in [31] and [32]. As shown in [32], in the large mass
limit the flavor excitations are expected to be described as a collection of quasiparticles,
obeying the following equation of motion
d~p
dt
= ~E + ~v × ~B − ~Fdrag, (6.15)
where v stands for the quasiparticle velocity. In the steady state d~p/dt = 0, we have
Fdrag =
√
E2 + v2B2 + 2 ~E · (~v × ~B). (6.16)
The thermal pair creation should be suppressed in the large mass limit, hence
Jx = J tvx, J
y = J tvy. (6.17)
By setting χ(v∗) = 0 we can obtain v2 = |gtt|/gxx, where the first term has been suppressed
in the large mass limit. Setting ξ = a = 0 leads to the following results
E2 =
1
(2πα′)2
g2xxv
2 + v2B2, vy = −v2B
E
. (6.18)
Thus 2 ~E · (~v × ~B) = −2B2v2, which determines the drag force
Fdrag =
1
2πα′
gxx(v∗)v. (6.19)
One can see that this is precisely the formula for the drag force in [42, 43, 44].
One can also obtain the conductivity tensor via the drag force. By setting ξ = 0 we can
obtain
f(v∗) =
(2πα′)2E2v2z+2∗
1 + (2πα′)2B2v4∗
. (6.20)
Then
v2 = − gtt
gxx
=
(2πα′)2E2v4∗
1 + (2πα′)2B2v4∗
. (6.21)
The components of the speed are given by
vy = −v2B
E
= − (2πα
′)2EBv4∗
1 + (2πα′)2B2v4∗
,
vx =
√
v2 − v2y =
2πα′Ev2∗
1 + (2πα′)2B2v4∗
. (6.22)
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Finally, by combining J i = J tvi and J
i = σijEj, i, j = x, y, one can arrive at
σxx =
2piα′
L2
J tv2∗
1 + (2piα
′
L2
)2B2v4∗
, σxy =
BJ tv4∗
( L
2
2piα′
)2 +B2v4∗
. (6.23)
One can check that these results agree with previous ones in the large mass limit. The
relations between drag force and DC conductivity were discussed in [45] and here we
generalize it to the case of conductivity tensor.
6.3 Charge diffusion constant
The charge diffusion constant becomes more subtle for massive charge carriers, as studied
in [36]. For completeness we just list the result here, for details see [36].
The charge diffusion constant for massive charge carriers with trivial dilaton is given by
D =
D0
1 + nq
2piα′τeff
∫ ∆Ψ˜′
(0)
+ΞΨ˜(0)√−γγ00γrr
, (6.24)
where D0 is given by (5.22) and
∆ = γrrψ′gψψ, Ξ =
1
2
(γrrψ′2gψψ,ψ − nγθθγθ,ψ) (6.25)
with ψ ≡ sin θ. Ψ˜(0) is related to the zeroth order expansion of the fluctuation of the
embedding profile by Ψ˜(0) = qΨ(0). For the case of a non-trivial dilaton we just replace
τeff by τ˜eff . It can be easily seen that ∆ = Ξ = 0 and D = D0 for massless charge carriers.
The charge susceptibility also receives modifications due to the fact that ψ also depends
on nq. For the case of non-trivial dilaton, it is given by
χ = (2πα′)2τ˜eff
( ∫ rB
r+
dr
e−φ
√−γγ00γrr [1 + nq(∆
∂ψ′
∂nq
+ Ξ
∂ψ
∂nq
)]
)−1
. (6.26)
For the case of trivial dilaton one can replace τ˜eff by τeff and e
−φ by e−φ0 . This expression
reduces to the one given in (5.27) for massless charge carriers where ∆ = Ξ = 0. The
Einstein relation for massive charge carriers should be checked numerically and it was
verified to be true for D3/D7 system in [36].
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7 Summary and discussion
We study several properties of holographic strange metals in this note. The dual bulk
spacetime is p+2-dimensional Lifshitz black holes and the role of charge carriers is played
by probe Dq-branes. The cases of trivial dilaton and non-trivial dilaton are discussed
respectively. We calculate the free energy density and chemical potential analytically for
massless charge carriers, expressing the results in terms of hypergeometric functions. The
entropy density and heat capacity at low temperature are also obtained. We find that
the heat capacity behaves like a gas of free bosons at z = 2 and like a gas of fermions
at z = 2p. It may indicate a new type of quantum liquid for other cases. The speed of
sound at low temperature is also evaluated.
We calculate the DC conductivity and DC Hall conductivity in p+ 2-dimensions, gener-
alizing the four-dimensional results obtained in [15]. There are always two terms inside
the square root of DC conductivity, one of which can be interpreted as describing thermal
pair production and is suppressed in the large mass limit. The other term is proportional
to the charge density J t and takes a universal form in all dimensions. Furthermore, the
DC Hall conductivity also takes a universal form, which is independent of p. We discuss
the resistivity in different limits and find that at large charge density, the resistivity is
linear dependent on temperature when z = 2, while for the case of trivial dilaton, the
linear dependence cannot be realized for p > 2 with z > 0 at vanishing charge density.
When a non-trivial dilaton is introduced, such a linear dependence can still be realized
by adjusting the parameters even at p = 2.
As a check of consistency, we apply the formulae for conductivity in [34] to our back-
grounds. Such formulae were derived via Kubo formula then they could be seen as “mi-
croscopic” results. We find that the “microscopic” results are in agreement with the
“macroscopic” results obtained in section 4. We also obtain an analytic result for the
charge diffusion constant, which agrees with the result for D3/D7 in specific limit. The
Einstein relation explicitly holds for massless charge carriers. We also give some remarks
on the corresponding properties of massive charge carriers. In particular, the conductivity
tensor can be reproduced via the drag force calculations in the large mass limit.
There are several interesting directions which are worth investigating. For massive charge
carriers the fluctuations of the embedding profile couple to the longitudinal fluctuations of
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the worldvolume gauge fields, which results in highly complicated differential equations.
Recently a framework for calculating holographic Green’s functions from general bilinear
actions and fields obeying coupled differential equations in the bulk was proposed in [46,
47]. Then it would be interesting to classify the vector and scalar fluctuations and calculate
the Green’s functions for our system by employing their method. Another point is to study
the fermionic properties of the background. In particular, it would be desirable to obtain
the Green’s functions for the fermions, following [48, 49, 14]. We expect to study such
fascinating topics in the future.
Acknowledgments
This work was supported by the National Research Foundation of Korea(NRF) grant
funded by the Korea government(MEST) through the Center for Quantum Spacetime(CQUeST)
of Sogang University with grant number 2005-0049409.
References
[1] G. R. Stewart, “Non-Fermi-liquid behavior in d- and f-electron metals,” Rev. Mod.
Phys. 73, 797 (2001) [Addendum-ibid. 78, 743 (2006)].
[2] R. A. Cooper, Y. Wang, B. Vignolle, O. J. Lipscombe, S. M. Hayden, et al., “Anoma-
lous criticality in the electrical resistivity of La2−xSrxCuO4,” Science, 323, 603
(2009).
[3] N. E. Hussey, “Phenomenology of the normal state in-plane transport prop-
ertiesof high-Tc cuprates,” J. Phys.: Condens. Matter 20, 123201 (2008)
[arXiv:0804.2984[cond-mat.supr-con]].
[4] S. Martin, A. T. Fiory, R. M. Fleming, L. F. Schneemeyer and J. V. Waszczak,
“Normal state transport properties of Bi2+xSr2−yCuO6+δ crystals,” Phys. Rev. B
41, 846 (1990).
[5] D. van de Marel et al., “Quantum critical behaviour in a high-tc superconductor,”
Nature 425 (2003) 271.
27
[6] A. W. Tyler and A. P. Mackenzie, “Hall effect of single layer, tetragonal
Tl2Ba2CuO6+δ near optimal doming,” Physica C 282-287, 1185 (1997).
[7] J. M. Maldacena, “The large N limit of superconformal field theories and supergrav-
ity,” Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)]
[arXiv:hep-th/9711200].
S. S. Gubser, I. R. Klebanov and A. M. Polyakov, “Gauge theory correlators from
non-critical string theory,” Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109].
E. Witten, “Anti-de Sitter space and holography,” Adv. Theor. Math. Phys. 2, 253
(1998) [arXiv:hep-th/9802150].
[8] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, “Large N field theo-
ries, string theory and gravity,” Phys. Rept. 323, 183 (2000) [arXiv:hep-th/9905111].
[9] S. A. Hartnoll, “Lectures on holographic methods for condensed matter physics,”
Class. Quant. Grav. 26, 224002 (2009) [arXiv:0903.3246 [hep-th]].
C. P. Herzog, “Lectures on Holographic Superfluidity and Superconductivity,” J.
Phys. A 42, 343001 (2009) [arXiv:0904.1975 [hep-th]].
J. McGreevy, “Holographic duality with a view toward many-body physics,”
arXiv:0909.0518 [hep-th].
G. T. Horowitz, “Introduction to Holographic Superconductors,” arXiv:1002.1722
[hep-th].
S. Sachdev, “Condensed matter and AdS/CFT,” arXiv:1002.2947 [hep-th].
[10] S. S. Lee, “A Non-Fermi Liquid from a Charged Black Hole: A Critical Fermi Ball,”
Phys. Rev. D 79, 086006 (2009) [arXiv:0809.3402 [hep-th]].
[11] H. Liu, J. McGreevy and D. Vegh, “Non-Fermi liquids from holography,”
arXiv:0903.2477 [hep-th].
[12] M. Cubrovic, J. Zaanen and K. Schalm, “String Theory, Quantum Phase Transitions
and the Emergent Fermi-Liquid,” Science 325, 439 (2009) [arXiv:0904.1993 [hep-th]].
[13] T. Faulkner, H. Liu, J. McGreevy and D. Vegh, “Emergent quantum criticality, Fermi
surfaces, and AdS2,” arXiv:0907.2694 [hep-th].
28
[14] T. Faulkner, N. Iqbal, H. Liu, J. McGreevy and D. Vegh, “From black holes to
strange metals,” arXiv:1003.1728 [hep-th].
[15] S. A. Hartnoll, J. Polchinski, E. Silverstein and D. Tong, “Towards strange metallic
holography,” JHEP 1004, 120 (2010) [arXiv:0912.1061 [hep-th]].
[16] C. Charmousis, B. Gouteraux, B. S. Kim, E. Kiritsis and R. Meyer, “Effective Holo-
graphic Theories for low-temperature condensed matter systems,” arXiv:1005.4690
[hep-th].
[17] B. H. Lee, D. W. Pang and C. Park, “Strange Metallic Behavior in Anisotropic
Background,” arXiv:1006.1719 [hep-th].
[18] S. Kachru, X. Liu and M. Mulligan, “Gravity Duals of Lifshitz-like Fixed Points,”
Phys. Rev. D 78, 106005 (2008) [arXiv:0808.1725 [hep-th]].
[19] M. Taylor, “Non-relativistic holography,” arXiv:0812.0530 [hep-th].
[20] U. H. Danielsson and L. Thorlacius, “Black holes in asymptotically Lifshitz space-
time,” JHEP 0903, 070 (2009) [arXiv:0812.5088 [hep-th]].
R. B. Mann, “Lifshitz Topological Black Holes,” JHEP 0906, 075 (2009)
[arXiv:0905.1136 [hep-th]].
D. W. Pang, “A Note on Black Holes in Asymptotically Lifshitz Spacetime,”
arXiv:0905.2678 [hep-th].
G. Bertoldi, B. A. Burrington and A. Peet, “Black Holes in asymptotically Lif-
shitz spacetimes with arbitrary critical exponent,” Phys. Rev. D 80, 126003 (2009)
[arXiv:0905.3183 [hep-th]].
G. Bertoldi, B. A. Burrington and A. W. Peet, “Thermodynamics of black
branes in asymptotically Lifshitz spacetimes,” Phys. Rev. D 80, 126004 (2009)
[arXiv:0907.4755 [hep-th]].
K. Balasubramanian and J. McGreevy, “An analytic Lifshitz black hole,”
arXiv:0909.0263 [hep-th].
E. Ayon-Beato, A. Garbarz, G. Giribet and M. Hassaine, “Lifshitz Black Hole in
Three Dimensions,” Phys. Rev. D 80, 104029 (2009) [arXiv:0909.1347 [hep-th]].
R. G. Cai, Y. Liu and Y. W. Sun, “A Lifshitz Black Hole in Four Dimensional R2
Gravity,” JHEP 0910, 080 (2009) [arXiv:0909.2807 [hep-th]].
29
D. W. Pang, “On Charged Lifshitz Black Holes,” JHEP 1001, 116 (2010)
[arXiv:0911.2777 [hep-th]].
E. Ayon-Beato, A. Garbarz, G. Giribet and M. Hassaine, “Analytic Lifshitz black
holes in higher dimensions,” arXiv:1001.2361 [hep-th].
J. Blaback, U. H. Danielsson and T. Van Riet, “Lifshitz backgrounds from 10d su-
pergravity,” JHEP 1002, 095 (2010) [arXiv:1001.4945 [hep-th]].
[21] E. J. Brynjolfsson, U. H. Danielsson, L. Thorlacius and T. Zingg, “Black Hole Ther-
modynamics and Heavy Fermion Metals,” arXiv:1003.5361 [hep-th].
[22] T. Azeyanagi, W. Li and T. Takayanagi, “On String Theory Duals of Lifshitz-like
Fixed Points,” JHEP 0906, 084 (2009) [arXiv:0905.0688 [hep-th]].
[23] S. Kobayashi, D. Mateos, S. Matsuura, R. C. Myers and R. M. Thomson, “Holo-
graphic phase transitions at finite baryon density,” JHEP 0702, 016 (2007)
[arXiv:hep-th/0611099].
[24] S. Nakamura, Y. Seo, S. J. Sin and K. P. Yogendran, “A new phase at finite quark den-
sity from AdS/CFT,” J. Korean Phys. Soc. 52, 1734 (2008) [arXiv:hep-th/0611021].
[25] S. Nakamura, Y. Seo, S. J. Sin and K. P. Yogendran, “Baryon-charge Chemical
Potential in AdS/CFT,” Prog. Theor. Phys. 120, 51 (2008) [arXiv:0708.2818 [hep-
th]].
[26] A. Karch and A. O’Bannon, “Holographic Thermodynamics at Finite Baryon Den-
sity: Some Exact Results,” JHEP 0711, 074 (2007) [arXiv:0709.0570 [hep-th]].
[27] A. Karch, M. Kulaxizi and A. Parnachev, “Notes on Properties of Holographic Mat-
ter,” JHEP 0911, 017 (2009) [arXiv:0908.3493 [hep-th]].
[28] A. Karch, D. T. Son and A. O. Starinets, “Zero Sound from Holography,”
arXiv:0806.3796 [hep-th].
[29] P. M. Hohler and M. A. Stephanov, “Holography and the speed of sound at high
temperatures,” Phys. Rev. D 80, 066002 (2009) [arXiv:0905.0900 [hep-th]].
[30] A. Cherman, T. D. Cohen and A. Nellore, “A bound on the speed of sound from
holography,” Phys. Rev. D 80, 066003 (2009) [arXiv:0905.0903 [hep-th]].
30
[31] A. Karch and A. O’Bannon, “Metallic AdS/CFT,” JHEP 0709, 024 (2007)
[arXiv:0705.3870 [hep-th]].
[32] A. O’Bannon, “Hall Conductivity of Flavor Fields from AdS/CFT,” Phys. Rev. D
76, 086007 (2007) [arXiv:0708.1994 [hep-th]].
[33] C. P. Herzog, P. Kovtun, S. Sachdev and D. T. Son, “Quantum critical transport,
duality, and M-theory,” Phys. Rev. D 75, 085020 (2007) [arXiv:hep-th/0701036].
[34] J. Mas, J. P. Shock, J. Tarrio and D. Zoakos, “Holographic Spectral Functions at
Finite Baryon Density,” JHEP 0809, 009 (2008) [arXiv:0805.2601 [hep-th]].
[35] J. Mas, J. P. Shock and J. Tarrio, “Holographic Spectral Functions in Metallic
AdS/CFT,” JHEP 0909, 032 (2009) [arXiv:0904.3905 [hep-th]].
[36] J. Mas, J. P. Shock and J. Tarrio, “A note on conductivity and charge diffusion in
holographic flavour systems,” JHEP 0901, 025 (2009) [arXiv:0811.1750 [hep-th]].
[37] P. Kovtun, D. T. Son and A. O. Starinets, “Holography and hydrodynamics: Diffu-
sion on stretched horizons,” JHEP 0310, 064 (2003) [arXiv:hep-th/0309213].
[38] D. T. Son and A. O. Starinets, “Minkowski-space correlators in AdS/CFT correspon-
dence: Recipe and applications,” JHEP 0209, 042 (2002) [arXiv:hep-th/0205051].
[39] P. Kovtun and A. Ritz, “Universal conductivity and central charges,” Phys. Rev. D
78, 066009 (2008) [arXiv:0806.0110 [hep-th]].
[40] D. W. Pang, “Conductivity and Diffusion Constant in Lifshitz Backgrounds,” JHEP
1001, 120 (2010) [arXiv:0912.2403 [hep-th]].
[41] K. Y. Kim and I. Zahed, “Baryonic Response of Dense Holographic QCD,” JHEP
0812, 075 (2008) [arXiv:0811.0184 [hep-th]].
[42] C. P. Herzog, A. Karch, P. Kovtun, C. Kozcaz and L. G. Yaffe, “Energy loss of
a heavy quark moving through N = 4 supersymmetric Yang-Mills plasma,” JHEP
0607, 013 (2006) [arXiv:hep-th/0605158].
[43] S. S. Gubser, “Drag force in AdS/CFT,” Phys. Rev. D 74, 126005 (2006)
[arXiv:hep-th/0605182].
31
[44] C. P. Herzog, “Energy loss of heavy quarks from asymptotically AdS geometries,”
JHEP 0609, 032 (2006) [arXiv:hep-th/0605191].
[45] K. B. Fadafan, “Drag force in asymptotically Lifshitz spacetimes,” arXiv:0912.4873
[hep-th].
[46] M. Kaminski, K. Landsteiner, F. Pena-Benitez, J. Erdmenger, C. Greubel and
P. Kerner, “Quasinormal modes of massive charged flavor branes,” JHEP 1003,
117 (2010) [arXiv:0911.3544 [hep-th]].
[47] M. Kaminski, K. Landsteiner, J. Mas, J. P. Shock and J. Tarrio, “Holographic
Operator Mixing and Quasinormal Modes on the Brane,” JHEP 1002, 021 (2010)
[arXiv:0911.3610 [hep-th]].
[48] S. S. Gubser, F. D. Rocha and P. Talavera, “Normalizable fermion modes in a holo-
graphic superconductor,” arXiv:0911.3632 [hep-th].
[49] T. Faulkner, G. T. Horowitz, J. McGreevy, M. M. Roberts and D. Vegh, “Pho-
toemission ’experiments’ on holographic superconductors,” JHEP 1003, 121 (2010)
[arXiv:0911.3402 [hep-th]].
32
